Recently, a contact-resistance-measurement method was developed to detect the minigap, hence the Andreev bound states (ABSs), in Josephson junctions constructed on the surface of threedimensional topological insulators (3D TIs). In this work, we further generalize that method to the circumstance with radio frequency (rf) irradiation. We find that with the increase of rf power, the measured minigap becomes broadened and extends to higher energies, in a way similar to the rf power dependence of the outer border of the Shapiro step region. We show that the corresponding data of contact resistance under rf irradiation can be well interpreted by using the resistively shunted Josephson junction model (RSJ model) and the Blonder-Tinkham-Klapwijk (BTK) theory. Our findings could be useful when using the contact-resistance-measurement method to study the Majorana-related physics in topological insulator-based Josephson junctions under rf irradiation.
Introduction
In 2008, Fu and Kane proposed that the superconducting proximity effect between an s-wave superconductor (S) and the surface of a 3D TI can induce p-wave-like superconductivity and host Majorana bound states (MBSs) in vortex cores or in proximity-type S-TI-S Josephson trijunctions. [1] In more detail, the electron-like and hole-like ABSs in single S-TI-S Josephson junctions are predicted to have 4π-period energy phase relations (EPRs), and the 1D Majorana modes are predicted to be fully decoupled when the phase difference reaches π , resulting in the complete close of minigap between electron-like and hole-like ABSs. In Josephson trijunctions on 3D TIs, furthermore, MBS is predicted to exist at the center of the trijunction over extended regions in phase space. In past years, experimental efforts have been paid to search for 4π -period current phase relations (CPRs) which are direct consequences of 4π -period
EPRs. Some signatures, such as skewed CPR, [2] [3] [4] missing of odd Shapiro steps, [5] [6] [7] [8] etc., have been discovered. Meanwhile, a contact-resistance-measurement method has also been developed for directly probing the EPRs in the junction area. For the purpose of studying the minigap of the surface state in S-TI-S junctions in the presence of rf irradiation, in this work we generalized the contact-resistancemeasurement method to the circumstance with rf irradiation. We find that this method still works ---the measured data of contact resistance under rf irradiation can be well understood and numerically simulated by using the RSJ model [12] and the BTK theory.
[13] In the following, we will first present and discuss the data of J J I V − curves (where J I is the current passing from one superconducting electrode to another, and J V is the voltage drop across the Josephson junction), and then present and discuss the data of contact resistance between Pd electrode and Bi2Te3 under rf irradiation. Usually, the Josephson supercurrent has a 2π -period CPR, which leads to the appearance of ordinary Shapiro steps on J J I V − curves in the presence of rf irradiation.
Experiment
If the supercurrent contains a 4π -period component, however, the odd Shapiro steps might disappear, leading to the so called fractional Josephson effect. [14] In some S-TI-S junctions, the missing of the odd Shapiro steps has been observed. [5] [6] [7] In our devices, however, Fig. 2b shows that all the Shapiro steps are present. It indicates that the dominant supercurrent in our devices has a 2π -period CPR, flowing presumably through the bulk of Bi2Te3 flake, [10] and that the 4π -period component of supercurrent in our device is negligibly small. 
where J I is the direct current, rf0 With increasing rf power rf P , the dip-peak-dip structure on the vertical line cuts of Fig.   3a , shown as the red curves in Fig. 3d , gradually rounds up and spreads to higher b I .
The characteristic width of this structure, as indicated by the red dashed line in Fig. 3c , follows a similar trace as the outer border of the Shapiro step regions in Fig. 2a .
Theoretically, shining the device with rf irradiation will cause two effects on contact resistance measurement. First, it will generate a rf current rf0 rf sin(2π ) I f t flowing mainly through the bulk of the junction, by which influencing the time-dependent phase difference ( ) t φ of the Josephson junction, thus influencing the minigap ( ) t ∆ . Second, the rf irradiation will also generate a rf current passing through the Pd-Bi2Te3 interface, by which modifying the contact resistance measurement. Combining these two effects, the contact resistance can be simulated as follows, still by using the RSJ model and the In the presence of rf irradiation, the time-dependent minigap of the surface state should follow the 4π -period form [10] and can be expressed as: Fig. 3c and also as the black curves in Fig. 3d at several different rf powers.
The red dashed line in Fig. 3c represents the border of ' b e rf0
I I I ≤ + , where e I is a characteristic current beyond which there is no signature of superconductivity without rf irradiation. It can be seen that the rf driving current makes the measured minigap structure extend to higher bias current under rf irradiation. Nevertheless, the numerical simulations can still reproduce the measured data.
Conclusion
To conclude, we have examined and confirmed the validity of contact-resistancemeasurement method for detecting the minigap in S-TI-S Josephson junction under rf irradiation. Although both the phase difference across the Al-Bi2Te3-Al junction and the minigap measurement process across the Pd-Bi2Te3 interface are all influenced by rf irradiation, the measured contact resistance can still be interpreted by using the RSJ model and the BTK theory. These results might be useful when using the contactresistance-measurement method to study the minigap of S-TI-S junctions under rf irradiation and Majorana-related physics. 
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